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FLURTIIER RESULTS ON ESTIMATION OF StHIP PARAME,:TERS
Unclchwified Title J

INTruoI )1 TIN

In a recent NRL report (1), a method was devised which is capabl, of estimating a
ship's course, speed, and target dimensions with a noncoherent side-looking saWllite radar
possessing two beams-- one squinted forward and the other aft. lBasically, the method uses
the ship's projections on the two squinted beams for the estimations. Unfortunately, besides
the correct estimate, three spurious pairs of estimates are given. However, this ambiguity is
removed by using the target's change in range to select one of the four estimates.

Since this initial work, the estimation method has been modified, and the accuracy of
the estimations has been determined by a Monte Carlo simulation.

BASIC ESTIMATION METHOD

The geometry of a two-look radar is shown in Fig. 1. One beam is squinted forward
01 radians off broadside and the other beam is squinted backward 0 2 radians. The lengths
of the target projections along the two radar beams are shown in Figs. 2a and 2b to be

TARGETy /

V-V

RADAR

Fig. 1-Geometry of a two-look radar
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beam I
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\4 y

P2 (2)

i 4 \ FX

whier Q is the leng tihofi tlieit targ. 2ai asrojtioi tiihoag hb 1ad( 2

P2  s lc0s(0 2 - cPl, (2)

where 2• is the length of the target and 0a is its heading. Solving Eqs. (1) and (2) for a, one

obtains

=. -P LLos 0 2 -± P2 cs 0.L= an 1  sin 02±+ P2 sin 0.1j (3)

an equation which has four solutions. The four solutions are shown in Fig. 3, two of the
solutions being 1800 inversions of the other solutions. To find the relationship between the
two nontrivial solutions, consider the geometric construction shown in Fig. 4. If V' is the
estimated length of the second solution, then

2' = (p2 +Z 2 ) 1 /2, (4)

- .- .~ .. t- where..- /
,i- .. Z (y + P 2 )/sin (01 + 02) (5)

- -•! • , a n d

yi= P 1 cos (0 1 + 02 ). (6)

a, Then, a' can be found by substituting into

Eq. (1), i.e.,

Fig. 3-Generation of the four solutions
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Fig. 4-Generation of the second solution from the first
solution

a' = cos-1 (±P1 /')- 0 1. (7)

As shown in Fig. 5, the two solutions* a and a' F(a) lie in the same quadrant on
opposite sides of the dashed line perpendicular to the squinted beam. Moreover, F(a) has
the following properties:

(a) F(O) = 7r/2

(b) F(ir12-0 1 )=ir/2-0 1

(c) F(a) is a monotonic decreasing function of a.

Statement (a) implies that when one solution is perpendicular to the radar's ground track,
the other solution is parallel; statement (b) implies that both solutions are identical when
ai = ir/2 - 0 1.

In Ref. 1, the correct solution was chosen by making use of the change in range AR,
which is given in that report as

AR -R2-R1 = VT cos a/cos 02 + R 1 (cos 01 - cos 0 2 )/cos 02, (8)

OThe other two solutions are a + ff and a' + ir.
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where V is the speed of the target, R 1 and R.2 are the measured target ranges, and T is the
time between detections of the target in the two beams. The assumption underlying Eq. (8)
is that the target is at the center of the beams, i.e., at the azimuths of 01 and 02. Of course,
the target can be at positions within the beamwidth other than the center of the beam. Be-
cause of the narrow beamwidth, this azimuth error is very small, but conversion of this
angular error to a linear error involves multiplication by the range to the target, causing posi-
tion errors of the same order of magnitude as the change in range AR. To cope with this
situation, a modification was made.

This modification involves estimating the target position in each beam, calculating an esti-
mate of the target's velocity from the two positions, and using this velocity estimate to
choose the correct heading. The linear errors of the position estimates* in the perpendicular
and parallel directions are shown in Fig. 6 to be

De(i) = NAD cos 0 sin 0 (9)t

and

De(01) = NAD Cos 2 0, (10)

where AD is the distance the radar moves between pulse transmissions and N is the error (in
number of pulses) in locating the target within the beam.

If N, and N 2 are the errors for the two beam positions, the apparent distance com-
ponents moved by the target (actual distance plus estimation error) are

"The estimation method is discussed in the next section.
tin this calculation and all following, it is assumed that 01 - 02 - Owith no loss of generality.
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NAD

D(I) VTcosa+(-N1 - N 2 )AD cos0 sin 0 (11)

and

D(Ii) = VT sin a + (N 2 - Nj)AD cos2 0; (12)

the estimated speeds are

V(I) = D(I)/T (13)

and

V(ji) = D(II)/T. (14)

The standard deviations of the speed errors are

U(i) =V\/ N AD cos 0 sin 01T (15)

and

a(70) =xfTON AD cos 2 O/T, (16)

where ON is the standard deviation of the position error.

Since the position errors N 1 and N 2 are independent and since it has been shown that
the probability density of the errors is Gaussian (2), the relative probability of the ith head-

ing (i can take on four possible values) being correct is

2-2(1) exp 2o2(h)17

p( = exp {-[V(I) - Cos a,] 2 } p {[V(11) - sin ,j 2 (17)
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Ther, art- two olhvious esti aultes using these pru•hthilities, tie first heing thu t=axin urn hikli-
hood estil.iate. 'That is, t'hotosth l.t (i that hits the highest Iprobahility p (ni) 'lThe second
Inethotl is to weight the answers iroportional to the prohabilitie,, i.e.,

L~p(aN) Binl (V
l'= tanI - - .- (19)

and

44
= j p(ci)Q, p(Ac). (20)

As will be shown later, these methods yield about the same results. However, at present, the
best estimate is still not known.

POSITION ESTIMATES

Several estimation methods were investigated and the most accurate method involved
threshold crossings of a moving window. The details of this method are as follows: Let P,1
be the ith returned pulse in the jth range cell. If the target is detected initially on the Ith
pulse, the moving window threshold Tm w is defined by

K-1

TM A MW(i=I) = E Sl-k' (21)
k-0

where K is the number of terms in the moving window, and

Si = E Pip (22)

where the j summation is over the range cells in which the target is present at the time of the
initial detection. In terms of the notation of Ref. 1, the j summation goes from L1 to L 2 .
Now define I' to be the largest i such that

MW(i) S Tm w (23)
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Thei, the O Ittinat. ot the puilse att wli(,h the titrkwt i:, vei'tt,'td in thvin, ham is

(I i I' - K )/2. (2.t)

The accuracy of this metluhd will dt-pt'ld on the siz, of' the target. IFor the three hiu.i
targets that were considered:

'I'an ker

length 763 ft

width 102 ft
height 30 ft
cross section .30,000 in

Diestroyer
length 450 ft
width = 50 ft
height 18 ft
cross section 10,000 m 2

Trawler
length = 150 ft
width 30 ft
height = 10 ft
cross section = 2000 m 2

the standard deviations of the estimate given by Eq. (24) were 4.8, 10.7, and 23.6 pulses
respectively for the tanker, destroyer, and trawler, K being equal to 20.

Some of the other estimation methods tried were beam splitting techniques and cross
correlation of the returned signal with the antenna pattern. Neither of these methods is as
good as the threshold crossing method using the moving window.

MONTE CARLO RESULTS

The basic radar parameters that were used in the simulation are

radar wavelength = 0.79965 ft
prf = 78 pps
beamwidth = 0.630
squint angle = 34.40 (0.6 radians)
range resolution = 50 ft
range = 700 naut mi
radar altitude = 200 naut mi
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In.the' miniil,.tien. thit lere•qje.'tliones I', and I'., we're' e'stie.'ate'd toy oslingle'tlii! IM h tilt' ldrall,

e'te'r /it was -A-t v'llial io 5)0. [lie' ihp1's Npee'ed V wa.s clhown'i te4 he. iiiiifel eriee.' dli.tritatlteed I)*-
twee'n 15 and 2"5 knots, •nd the Ahup's he'aldii•g wa• 4-he''•it lto oe' tinlfeereily ihlarlhuth'al II a

6' niLt-rval that wals vene'itu'redt at one- oif tilt-' fillowii•g valtie•: I0. 17 , , an3 1 63 . . Fa9 or
each of the' five' hhIas. hee'ailingSs. tt' .,C,.'s We're' rim. The' errors for thi' alt 5 -a,-.' are' •iveii in

Fablele I ftor thlt' tankier. frale' 2 for thlt' deletreve'r. andi Tabhle' : fir the' traIe'r, a 'llineeiaery 4of
the' ilneas and sta01,laril dtve,|atltnms Is give'ni ae Table' -. It 'lhlthl tee' ieete'd that ithe illeh'Ieo
let ei'd "tlele rrt't t'.sltll ate'" In ablhe. I s Ftl at iljeabl elih. %% hen'i 11e' posltln testilliatl'i i"lea,

large' e'rrors. o1ne'- of thlt s.tintii s pU t.•tlliatl'-s Ilay he' chosni in NteadeI o.f thlt vorri'e't .'tellci;ate.
I'his condieItionl Is rt,'fle•'-et by the' two reahizable iioitlieds which have' iarge'r e'rrors Ilteill e the

"*corre'vt e'stiniate'. T'he fonlowing 'nclusl i res are' erwn rfrom Tlable -1:

i. "i'hc're is very little diffe'reni'e le'twe'i'i tlt' lrletr alhility wei'ightiiig miethod anld
the' Iaxiinuin likelihood method.

2. The' e'stimatioens of lhngth are' fairly good-; the rii)t-mean-slluare'd( e'rror

IVE'L 7I11 is aite)ut 50 ft loer ev'ah ship.

3. The' standlard deviatioens of the he'adling e'rror ae' ae•out 50. 200. and 100 ;eer-
ve'fnt gre'ate'r than the "',orre'vt estimate" for the tanker. destroyer, and trawler r.speltiv',ly.
The, large errors are' caused by the fact that for the smaller shitps the' position errolrs are' rather

large and the correct estimate (out of the four poossible' &'stimales) is not chosen.

I. No useful spe-ed informatoni is obtained on the destroyer ot trawler. That is,
the standard deviation of the speed estimate is greater than that of the underlying population
which was 2.9 knots.

ESTIMATION METHOD USING SHIP'$ WIDTH

If Tables I through 3 are considered, under the heading "correct estimate,' one notices
a definite correlation between the errors and the heading angle. Specifically for heading

angles centered around 0l, 17", and 340, the length and heading are underestimated- for
heading angles centered around 630 and 90", the length and heading are overestimated. In

an attempt to remedy this situation, the projections given by Eqs. (1) and (2) were modified
to include the width of the ship. As suggested in Ref. 1, the projections are given by

P1 - V cos (0 ' +a) + W sin 2 (01 +a) (25)

and

P2 a Vicos (02 - C01 + W sin 2 (02 - 0); 126)

"1'wo methoeds for estimating the hip's proje'tions am discussed in Appendix A.
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1'u .... Spee... d • ... .. Proba:bility W eilh thi, M axi,,,u t L~ikelilhood C(irrvct ,"si,,,,at

,,, I I |t I Ip-a '1-1
, , u.(& ,•. [/g. ,t!Frr ' ..-.--i a l tlf)... Il'lkilfjots l) nlt Ih uilin g Iv*.ugth I Ih ligl(ft (dg.(f0-de, r de

""2, .12 26 1. 1 26 [11 20 1
2.1 6.3 j 12 1.7 12 1.7 12 1.7

- 0,3 2. 3 13 0.6 13 0,6 3- 0.6
2.7 " 4,0 6.1 2.9 "- 65 2.9 - 65 2.9
0.6 1- 1.1 " 24 1,1 2.1 1.1 24 1.1

- 1.9 - 0.4 - 13 0,6 13 - 0.6 - 13 - 0.6
1.4 -0.4 -- 14 - 1.7 -- 14 - 1.7 - 14 " 1.7

- 1.0 - 0.9 - 28 1.7 28 1.7 - 28 1.7
2.3 - 1.4 - 22 1.1 - 22 1.1 - 22 1.1

- 2.5 0.1 1 1.7 1 1.7 1 1.7
16.4 1.8 - 25 -1.7 - 26 -- 2.3 - 26 -2.3
18.0 2.3 - 3 - 6.3 - 3 - 6.3 - 3 - 6.3
19,6 1.6 - 34 - 5.7 - 34 - 5.7 - 34 - 5.7
15.6 2.9 - 26 - 0.6 - 26 - 0.6 - 26 - 0.6
17.2 2.0 - 42 - 0.6 - 42 - 0.6 - 42 - 0.6
18.9 5.0 - 19 0.6 - 19 0.6 - 19 0.6
14.8 -1.8 - 97 - 2.9 - 97 - 2.9 - 97 - 2.9
16.4 3.5 2 - 1.1 2 -- 1.1 3 - 1.1
18.1 - 6.6 - 11 - 5.7 - 12 -5.7 - 12 - 5.7
19.7 0.6 - 41 4.0 - 46 3.4 - 46 3.4
32.8 2.8 - 57 - 4.6 - 58 -4.6 - 58 - 4.6
34.5 4.0 - 43 0.6 - 65 -3.4 - 65 - 3.4
36.1 - 4.5 0 10.3 - 52 0.0 - 52 0.0
32.0 - 6.4 8 - 1.1 - 18 -5.7 -- 18 - 5.7
33.7 4.7 122 21.2 230 41.8 - 7 - 4.0
33.0 - 0.6 2 - 1.7 - 16 - 4.6 - 16 - 4.6
36.7 - 6.0 - 35 - 9.2 - 35 - 9.2 - 35 - 9.2
34.7 - 4.4 - 23 - 4.0 - 27 - 4.6 - 27 - 4.6
32.6 2.8 - 19 - 1.1 - 27 - 2.9 - 27 - 2.9
36.3 7.2 - 47 - 4.6 - 49 - 5.2 - 49 - 5.2
62 9 - 4.2 105 6.3 126 10.9 126 10.9
60.9 9.9 - 1 - 1.1 - 39 6.9 - 39 6.9
64.6 8.5 55 - 4.0 62 5.2 62 5.2
62.5 - 1.7 - 87 - 2.9 - 37 9.7 - 37 9.7
60.5 4.3 76 6.3 85 8.0 85 8.0
64.2 0.7 91 6.3 96 7.4 96 7.4
62.1 6.8 54 4.6 59 5.7 59 5.7
65.8 - 0.6 - 26 8.0 - 25 8.0 - 25 8.0
63.8 1.7 -121 -28.1 -126 28.6 40 8.0
61.7 - 0.2 38 5.2 44 6.3 44 6.3
92.3 9.2 90 0.6 90 0.6 90 0.6
90.3 - 6.7 16 0.6 19 0.0 19 0.0
88.3 0.5 24 - 1.7 24 - 1.7 24 - 1.7
91.9 6.2 71 2.9 71 2.9 71 2.9
89.9 - 5.8 - 29 - 6.9 1 - 0.6 1 - 0.6
87.8 - 7.3 78 1.7 78 1.7 78 1.7
91.5 - 1.6 61 0.0 61 0.0 61 0.0
89.5 12.6 89 1.1 89 1.1 89 1.1
87.5 7.5 47 - 1.1 47 - 1.1 47 - 1.1
91.2 3.6 64 - 2.9 64 - 2.9 64 - 2.9
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EsIti atL ion Errorn l it, I' ht lruyvr

True . . . Prob bili'ty itveighIt tih ,•g N• axh I,I Imkum l~elih mlb (O arctt |b:timillit.
'ldii Lr.101 I Ivadi / iI

(it~ii. I t / ) (deg.

L2.7 7.1 7-1 39.5 20 .1,0 20 .1,0
2ý2'15.-1 32 1.1 312 1 1 32 1.1
O's 7.0 11 1.1 II 1.1 11 - 1.12.8 0,7 5 4.0 5 4,0 5 4.0

0.6 7.4 -11 2.3 141 1.1 -14 1.1
2,3 4.3 37 1.7 31 2.9 31 2. 9
2.4 0.3 "16 1.7 -- 16 1.7 -16 1.7
1.9 - 1.1 -25 6.9 - 25 6.9 -25 6,9
2.7 0.1 1 2.9 1 2.9 1 2,9
0.0 1.0 - 7 1.1 7 1.1 - 7 1L1

19.9 - 2.1 -1: 5.7 Is 4.0 -18 4C0
15.0 0.8 51 13.8 6 - 5.7 - 6 - 5.7
16.4 10,3 -16 -" 6.9 16 - 6.9 -16 - 6.9
14.4 - 5.5 -13 - 8.6 - 37 - 2.9 -37 -- 2,9
17.8 10.8 -11 - 1.7 - 11 - 1.7 -11 - 1.7
19.5 5.4 - 1 -6.3 -1 - 6.3 - 1 -6.3
19.6 2.8 -12 0,0 - 12 0.0 -12 0.0
19.1 4.9 -17 - 1.1 - 17 - 1.1 -17 - 1.1
14.4 - 1.4 -26 - 5.7 - 27 - 5.7 -27 - 5.7
16.0 11.4 - 5 0.6 - 5 0.6 - 5 0,6
34.7 1.4 1 15.5 - 55 - 5.2 -55 - 5.2
33.2 -10.6 3 - 1.7 - 6 - 4.0 - 6 - 4.0
35,8 - 0.6 35 8.0 9 0.6 9 0.6
36.4 13.4 -23 - 4.0 - 23 - 4.0 -23 - 4.0
33.4 - 4.3 - 6 - 1.7 - 12 - 3.4 -12 - 3.4
34.8 35.1 20 - 3.4 18 - 4.0 18 - 4,0
36.7 - 1.1 20 15.5 - 72 - 3.4 -72 - 3.4
34.3 4.5 12 - 1.7 11 - 1.7 11 - 1.7
33.1 0.6 -42 - 4.6 - 42 - 4.6 -42 - 4.6
34.8 10.1 - 5 - 8.6 - 5 - 8.6 - 5 - 8.6
62.6 - 2.6 -12 - 5.2 24 8.0 24 8.0
65.8 15.0 48 5.7 55 8.0 55 8.0
63.5 9.9 -49 0.6 - 31 - 8.6 -31 - 8.6
64,5 - 1.3 -60 8.0 - 60 8.0 -60 8.0
65.8 - 1.0 39 3.4 46 6.3 46 6.3
64.9 12.8 77 6.3 77 6.3 77 6.3
63.5 5.9 45 11.5 45 11.5 45 11.5
62.9 - 4.9 74 0.6 91 5.7 91 5.7
65.5 0.6 -78 -28.6 - 80 29.2 11 5.7
64.0 13.9 63 4.6 67 5.7 67 5.7
90.4 1.1 70 3.4 70 3.4 70 3.4
90.8 20.9 44 - 0.6 44 - 0.6 44 - 0.6
88.4 6.1 71 - 0.6 71 - 0.6 71 - 0.6
88.0 - 8.1 -77 -73.9 -123 -81.9 26 - 1.1
88.0 - 5.1 - 1 0.6 - 1 0.6 - 1 0.6
88.4 2.2 92 - 2.9 92 - 2.9 92 - 2.9
89.5 14.8 53 - 2.3 53 - 2.3 53 - 2.3
90.7 4.5 51 - 1.1 51 - 1.1 51 - 1.1
89.6 -7.8 17 - 1.1 17 - 1.1 17 - 1.1
90.2 18.7 33 - 4.6 33 - 4.6 33 - 4.6
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STI'able :
Ebtimutitn Errors tfo r hth Trawler

•:rrt.... ..... . . ..
Tru spe 1' m babi ii ty We~ig~htLing Max Iimiumi Li k o' Iilm d C 'rivt I Istipi

Wleg.th kit!thig ltength H heading Ln gtth I Ieaadnth,
(dee.) (knot ....(ft) (deg.) (it) (deg) (ft) ( dtg.

2.1 15.2 71 121.,56 104 841.2 28 5.7
2.1 3.1 1 4,6 1 4.6 1 4. f

S.0,3 0.9 86 76.8 92 -- 81.4 22 16.6
- 2.7 22.2 14 - 12.0 14 - 12.0 14 12,0

0.6 13.9 113 89.4 113 89.4 30 0.6
- 1.9 43.2 58 - 1.1 58 - 1.1 58 - 1.1

1.4 - 1.8 27 - 2.3 27 - 2.3 27 - 2.3
- 1.0 1.7 71 80.2 77 85.4 8 12.6

2,3 - 2.8 - 20 3.4 -- 22 1.1 -'22 1.1
- 2.5 30.8 118 97.4 118 97.4 36 - 8.0

16.4 41.3 56 7.4 38 - 6.9 38 - 6.9
18.0 - 3.6 22 3.4 21 2.9 21 2.9
19.6 18.5 64 67.6 64 67.6 - 3 -14.3
15.6 11.9 20 175.3 20 175.3 20 - 4.6
17.2 - 6.3 37 49.3 56 69.9 - 8 -10.9
18.9 4.2 -7 - 32.7 -7 -32.7 - 7 -32.7
14.8 6.1 89 67.6 89 67,6 18 0.6
16.4 - 7.5 3 -145.5 26 -117.5 -21 6.9
18.1 5.1 23 12.0 23 11.5 23 11.5
19.7 - 8.2 23 6.3 5 - 9.7 5 - 9.7
32.8 11.9 102 42.4 102 42.4 41 - 3.4
34.5 0.3 - 16 - 17.2 - 16 - 17.2 -16 -17.2
36.1 8.1 - 17 - 9.7 - 17 - 9.7 -17 - 9.7
32.0 4.4 - 11 - 18.9 - 11 - 18.9 -11 -18.9
33.7 2.4 59 - 4.0 59 - 4.0 59 - 4.0
33.0 - 6.8 55 24.6 82 50.4 13 -18.3
36.7 - 3.0 - 0 - 14.9 - 0 - 14.9 - 6 -14.9
34.7 2.6 10 - 5.7 10 - 5.7 10 - 5.7
32.6 8.3 19 - 9.7 19 - 9.7 19 - 9.7
36.3 9.3 - 9 - 2.9 - 23 - 19.5 -23 -19.5
62.9 2.1 - 7 - 37.2 - 7 - 37.2 44 14.3
60.9 - 5.5 11 24.6 11 24.6 11 24.6
64.6 -13.5 26 154.1 7 136.4 68 15.5
62.5 7.0 - 3 - 49.3 - 3 - 49.3 61 21.2
60.5 - 7.6 27 6.9 31 10.9 31 10.9
64.2 40.4 88 14.9 88 14.9 88 14.9
62.1 59.8 56 17.8 56 17.8 56 17.8
65.8 31.1 40 16.6 40 16.6 40 16.6
63.8 8.2 39 - 4.0 58 13.8 58 13.8
61.7 20.1 61 11.5 61 11.5 61 11.5
92.3 - 3.8 99 - 3.4 99 - 3.4 99 - 3.4
90.3 - 4.0 - 16 - 73.3 - 31 - 94.0 24 1.7
88.3 - 1.1 14 13.2 14 13.2 14 13.2
91.9 -10.2 66 - 9.2 68 - 9.2 68 - 9.2
89.9 - 0 - 33 94.5 - 35 96.8 18 - 2,9
87.8 5.1 16 -176.5 16 -176.5 16 3.4
91.5 5.5 14 - 2.3 14 - 2.3 14 - 2.3
89.5 17.3 53 6.9 53 6.9 53 6.9
87.5 3.2 11 - 13.8 11 - 13.8 11 -13.8
91.2 22.0 38 - 10.3 39 - 8.6 39 - 8.6
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'leddh 4
Stim aiiy of l': illltutit)lI EIrrToiI

Sh......./N ,2 I ] . .. ...... [ ..... E ..
De)cisionl P'rovess• E(I.) /F,(1j l. ' (I.) E(ll) /1.;11 2) (11) j.(8 ) .,iS)

rype

Pr'Amlbility Wteightingl 2 h3 3 O I 0. 1 t6 :1 . 1.7
Tanker Maxitnum Likelihood 3 62 62 0.5 M.. 8. I 0.8 .1 7

Correct Estimante 2 50 50 0A4 .4.5 4.5 O0. .1 7

Prtbability Weighting 10 41 .10 0.3 13. 7 13,7 :1.. 8.6
-Destroyer Maximum likelihood .4 .4 .4.1 1.t 13A 13.0 3. 4 6.,6

'Correct Fstimate 8 19 38 0.,1 ,1.7 4.6 3..1 H.6

Probability Weighting 33 51 317 4.6 61.4 61.2 7.4 15.4
Trawler Maximum Likelihood 34 53 41 5.6 59.8 59.5 7.4 154

Correct Ftimate 25 38 28 -1.4 12.4 12.3 7.4 15.4

Legend:
E Expected value.
SStandard deviation.
L 5 Length error (feet).
H a Heading error (degrees).
S - Speed error (knots).

the width W is related to the length £ by

W = 24.88 + 0.000128£2, (27)

an equation empirically derived from actual ship dimensions. These three equations are
solved simultaneously to obtain the heading, length, and width. To find the accuracy of
this new method, the simulation was repeated for the tanker, destroyer, and trawler; the new
results appear in Tables 5, 6, and 7 respectively. Histograms for the various errors are
plotted in Fig. 7 thru 12, and the results are summarized in Table 8. Comparing the method
using the ship's width (Table 8) with the method that does not (Table 4), one can draw the
following conclusions:

1. The heading errors are about the same for both methods;

2. The length errors are about 25 percent smaller for the new method which in-
cludes the width;

3. Again, no useful speed information is obtained.

The estimates of the ship's length are very ODJ. The standard deviation of the length
error is about 30 ft, and over 90 percent of the estimates are within 50 ft of the true length,
50 ft being the range resolution of the radar sytern. These results can be further improved
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E,.,llla l l ,'rl'rHs lfor I lit- T linker

,l.,,tt,,, I A1t Iv.,,.,n, l I,,., Ii,.,,,,, I vig I I i

2. l60 0. 9 O.S(I • L

2.,, 3,41 .l7 2, .17 2.s
0: ,• 0.9 ,48 0.9 18 (I 9
2,7 9,5 3.2 3.3 96 3.3
U.6 -5S 1.7 5Sf 1,7 t) 8 1,7

- 1.9 •49 i.l .49 1.1 .19 1.1
1.4 417 - 1.9 • 19 1.6 -to l ,6

1.0 62 1.8 62 1.8 62 1.8
2.3 .18 2.1 -56 2.4 56 2-4

- 2.5 315 1.1 -35 1 2 3:5 1,2
16.4 - 47 2.9 50 2.0 50 2.0
18.0 - 31 - 2.A - 32 - 2.6 - :32 --2.6
19.6 - 58 - 1.7 - 59 - 1.8 - 59 -1.8
15.6 - 49 4.2 -- 50 4.1 -- 50 4.1
17.2 - 63 4.5 - 63 4.4 - 63 4.4
18.9 - 36 6.2 -- 38 5.7 - 38 5.7
14.8 - 24 3.3 - 25 2.9 - 25 2.9
16.4 -120 1.3 -120 1,1 -120 1.1
18.1 - 32 0.3 - 41 - 2.2 - 41 -2.2
19.7 - 52 11.1 - 58 9.4 - 58 9.4
32.8 - 42 7.6 - 62 2.1 - 62 2.1
34.5 - 39 10.7 - 64 3.6 - 64 3.6
36.1 - 20 14.1 - 45 7.4 - 45 7.4
32.0 - 6 6.1 - 25 1.0 - 25 1.0
33.7 24 12.1 - 9 3.4 - 9 3.4
33.0 10 10.1 - 20 2.1 - 20 2.1
36.7 - 34 - 0.5 - 40 - 2.2 - 40 -2.2
34.7 - 16 5.8 - 29 2.2 - 29 2.2
32.6 - 3 11.3 - 29 4.2 - 29 4,2
36.3 - 36 5.7 - 50 1.9 - 50 1.9
62.9 7 - 1.0 29 5.2 29 5.2
60.9 - 56 - 6.1 - 79 -12.5 - 32 0.8
64,6 - 43 - 8.2 - 17 - 0.6 - 17 -0.6
62.5 -146 - 8.7 -184 -21.2 -108 4.5
60.5 - 19 - 5.2 7 1.9 7 1.9
64.2 - 20 - 6.7 9 1.7 9 1.7
62.1 - 35 - 6.3 - 14 - 0.3 - 14 -0.3
65.8 -112 0.1 -102 3.4 -102 3.4
63.8 - 8 - 9.1 41 2.9 - 41 2.9
61.7 - 38 - 2.5 28 0.3 - 28 0.3
92.3 - 23 2.0 - 23 1.9 - 23 1.9
90.3 -106 - 0.2 - 82 0.4 - 82 0.4
88.3 - 78 - 3.1 - 77 - 3.0 - 77 -3.0
91.9 - 38 4.8 - 37 4.5 - 37 4.5
89.9 -138 - 9.7 - 99 - 0.5 - 99 -0.5
87.8 - 34 1.4 - 34 1.4 - 34 1.4
91.6 - 49 1.0 - 48 0.7 - 48 0.7
89.5 - 24 1.7 - 24 1.7 - 24 1.7
87.5 - 58 - 2.2 - 58 - 2.2 - 58 -2.2
91.2 - 45 - 3.2 - 45 - 3.2 - 45 -3.2

Note Speed errors are the same as those given in Table 1.
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lATabh 6

Es It titt itt)li i,,rr t ) rs It r tIhIit, I. i t u o( v ii)ttt

Leg7 2h.O ) 1 tIIUhI Ii I ht-fb. t(d g) d1I.(

2ý 20.9 0 M 6:i; .2.'2 2 .912 1).!), 12 0 I,

(. 8 30 0.9 it0 09 10 (19

2,s 22 3.4 2-1 4.2 24 4.2
0.6 ,,29 3.5 32 2.1 322
2.3 17 3.9 12 3.3 12 -3.3
2.4 3- 2.5 34 2.6 -34 2.6
1.9 - 12 8.9 42 8.9 --42 8.9
2.7 18 3.1 s18 3,1 -18 3.1
1.1 4 - 4.9 4 - 4.9 4 -4.9

19.9 - 20 11,3 2.1 9.7 --24 9.7
15.0 10 11,3 21 - 3.1 -21 --3.1
16.4 - 32 - 4,4 32 - 4.4 -32 -4.4
14,4 - 8 - 8.6 50 0.2 -50 0.2
17.8 23 2.5 23 2.5 -23 2.5
19.5 - 15 - 2.5 15 - 2.6 -15 -2.6
19,6 - 21 5.2 22 4.7 -22 4.7
19.1 - 26 3.6 27 3.5 -27 3.5
14.4 41 - 3.1 - 43 - 3.7 -43 -3.7
16.0 - 16 4.9 - 17 4.5 -17 4.5
34.7 - 21 18.1 - 57 1.2 -57 1.2
33.2 6 7.6 - 7 2.0 - 7 2.0
35.8 37 16.9 14 7,0 14 7.0
36.4 - 21 3.1 - 23 2.3 -23 2.3
33.4 1 8.9 - 13 2.7 -13 2.7
34.8 21 2.9 19 2.2 19 2.2
36.7 - 48 14.0 - 70 3.2 -70 3.2
34.3 22 8.5 11 4.4 11 4.4
33.1 - 43 2.3 - 44 1.6 -44 1.6
34.8 - 5 - 1.0 - 11 - 3.2 -11 -3.2
62.6 - 38 - 6.8 - 18 3.1 -18 3.1
65.8 - 28 -12.6 - 60 -27.7 6 3.9
63.5 - 89 - 7.4 - 70 3.5 -70 3.5
64.5 -105 - 0.8 - 97 3.6 -97 3.6
65.8 - 21 - 8.9 1 1.3 1 1.3
64.9 24 - 1.9 31 1.2 31 1.2
63.5 - 10 4.4 - 4 7.2 - 4 7.2
62.9 34 - 4.3 46 0.5 46 0.5
65.5 - 67 -17.6 - 77 -22.6 -30 0.7
64.0 2 - 8.6 23 0.5 23 0.5
90.4 9 5.0 9 5.0 9 5.0
90.8 - 15 - 0.8 14 - 0.8 -14 -0.8
88.4 9 - 1.3 9 - 1.3 9 -1.3
88.0 -119 -86.9 -136 -79.5 -30 -1.8
88.0 - 54 0.2 - 54 0.2 -54 0.2
88.4 28 - 4.0 28 - 4.0 28 -4.0
89.5 - 6 - 3.3 - 6 - 3.3 -- 6 -3.3

90.7 - 8 - 1.4 - 8 - 1.5 - 8 -1.5
89.6 - 39 - 1.6 - 39 - 1.8 -39 -1.8
90.2 - 23 - 6.0 - 23 - 6.0 -23 -6.0

Note: Speed errors are the same as those given in Table 2.
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Table 7
lE>tsumathon lE'ri,ýrs for~l tihtuTruwhlr

I'rmbability Wteigihtimg Maximum Iikcelihmu. I Co(rre It' stimil3 t
lTru 

.-- .
II .... i I.. / 1 l ,"9 I e li i I. . Ica in .... .... I .. ..load.. ..in.. .. g'+_: .....

(deg.) (degh.g W )

2.1 75 3 70 82.7 18 9.6

2.1 10 5,7 10 - 5.7 10 57
0.3 51 26,., 58 78.2 1 8

-2.7 6 18.7 6 -- 18.7 6 -8.,7
0.6 73 88.2 74 89.5 19 0.H
1.9 417 2.5 47 2.5 47 2.5
1.4 17 -- 1.9 16 2.1 16 2.1
1.0 19 48.1 - 1 18.7 - 1 18.7
2.3 -29 9.3 -33 3.6 -33 3.6

- 2.5 81 99.0 81 99.0 27 -12.8
16.4 29 - 2.3 29 -- 2.6 29 - 2.6
18.0 20 13.9 17 10.5 17 10.5
19,6 30 66.3 30 66.3 -12 -10.6
15.6 11 -179.7 11 -179.7 11 0.3
17.2 2 15.1 -18 - 7.5 -18 - 7.5
18.9 -12 - 40.8 -13 - 40.3 -13 -40.3
14.8 34 38.6 54 65.1 11 7.6
16.4 -10 -135.3 - 3 -123.2 --24 18.0
18.1 25 24.3 22 20,7 22 20.7
19.7 13 11.0 - 4 - 5.0 - 4 - 5.0
32.8 72 36.8 72 37.2 42 5.2
34.5 -20 - 6.3 -21 - 7.9 -21 - 7.9
36.1 -18 1.6 -18 1.6 -18 1.6
32.0 "-18 - 12.1 -18 - 12.2 -18 -12.2
33.7 58 4.4 58 4.3 58 4.3
33.0 26 12.4 5 - 11.6 5 -11.6
36.7 - 4 - 5.4 - 4 -5.9 - 4 - 5.9
34.7 11 7.0 9 4.3 9 4.3
32.6 15 - 1.1 15 - 1.2 15 - 1.2
36.3 -25 - 1.7 -30 - 10.4 -30 -10.4
62.9 - 8 - 26.2 - 8 - 26.3 15 8.9
60.9 -22 20.7 -21 21.9 -21 21.9
64.6 23 - 4.6 36 11.2 36 11.2
62.5 -10 - 41.9 -10 - 42.3 28 18.4
60.5 4 - 1.9 7 3.4 7 3.4
64.2 57 10.8 57 10.8 57 10.8
62.1 25 12.3 25 13.0 25 13.0
65.8 8 12.1 8 12.1 8 12.1
63.8 15 - 10.1 29 8.8 29 8.8
61.7 34 4.9 34 5.0 34 5.0
92.3 61 - 5.3 62 - 4.3 62 - 4.3
90.3 -25 - 93.4 -41 - 96.9 -10 2.1
88.3 -17 24.9 -14 19.1 -14 19.1
91.9 22 - 25.0 34 - 11.7 34 -11.7
89.9 -43 100.4 -43 101.4 -16 - 4.6
87.8 -17 -175.8 -17 -175.8 -17 4.2
91.5 -18 - 3.3 -18 - 3.3 -18 - 3.3
89.5 20 9.8 20 9.8 20 9.8
87.5 -13 - 22.7 -13 - 22.3 -13 -22.3
91.2 - 5 - 33.6 8 - 12.4 8 -12.4

Note: Speed errors are the same as those given in Table 3.
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Siemmnhry ofEsr v5ti~ils4m Fno1iv.s

Shp FMr. I F. 1'.,!)- 1. EI ~Ii /F'1 I 2i I
Tjiiker NN'ilitsmfl 16 i~ :. )9 I; IS IPA~4

Pro.babulity Wevghtanji 1A4 ;7 32 46 I 5 14 F, .. 1 3~ k 6t
I)PstvrtP*-er Ma.,iliuna lAdvihtftpa1 2.2 11) 13 1 -I 1219 1 2 N 3 4 h

t'if!41 Ftilmdto. I .3 6 . 3 m .1 1 A 4

Prsobabil-ty Wightoing 1: .12 29 6 6 51 I 54 10 7.4l IS
rrYrmjrniirn iArlih.mod 1.1 :1 .;2 7 1 5 4 '1 F51 A 7 4 1'

(Apriect Estimate 25 1 I 12 5 12 5 7.4 1 1

Letend
F Expreted value

" Standard deviation.
L Length %rnm I feet W.
H Heading erommd~re~
9 Speerd error tkntosi.

-40 .20 W0 30 0 30 60 '20 .00
MCA04IS CROON (Ocoa iS

.- * 00Z 60 3 o 10 6

4*I0146m Ito" 0(DEGAMI

Fig, 7 RoisUve frequency o( the heading "ero for the tanker
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-180 -120 -60 -30 0 30 60 1?.0 110
HFADING ERROR (DEGREES)

CORRECT ESTIMATE

II

-1o -120 -60 -30 0 30 60 120 o80
HEADING ERROR (DEGREES)

Fig. 8-Relative frequency of the heading error for the destroyer

by decreasing the pulse width of the radar. The results for 25-ft range resolution are
shown* in Tables 9 and 10. The standard deviation of the length error was reduced
from 30 to 20 ft.

SUMMARY

A method has been devised which is capable of estimating a ship's heading and length
with a noncoherent side-looking radar possessing two beams-one squinted forward and the
other aft. This method uses the ship's projections on the two squinted beams for the estima-
tion. Unfortunately, besides the correct estimate, three spurious pairs of estimates are given.
This ambiguity is removed by estimating the target's position in each squinted beam and
then using the target's estimated velocity, which is derived from the two positions, to select
one of the four estimates.

*The radar system is designed to detect a 200-square meter nonfluctuating target at a detection probability
of 0.9 and a false alarm probability of 10- 1 0. Thus, the only effect of reducing the pulse width is to de-
crease the signal-to-noise ratio in a target range cell by 3 dB.
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CORRECT ESTIMATE

-180 -120 -60 -30 0 30 12 o
HEADING ERROR (DEGREES)

Fig. 9-Relative frequency of the heading error for the trawlei

PROBABILITY
WEIGHTING
METHOD CORRECT

ESTIMATE

-400 -200 -100 0 100 200 400 -400 -200 -100 0 100 200 400

LENGTH ERROR (FEET) LENGTH ERROR (FEET)

Fig. 10-Relative frequency of the length error for the tanker
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Tahh, 1.I",Stil ltio l Elror" tur th 't' t 'awh-1

Ir I P lpro aii lity W ,ightillg Maxitiuntil .iktlihillotid ('Cuor t I'iiuiiatl,
f Ih''u. V 1 .,110t1 1 l,11(litig I, Iuth I h4.11lilg lw l,,,gthI ih,

2.1 12 1,118~t-.4 19 2-1 4
2.1 7 1 .,. 5.2 .1 5. 2
0.3 2(1 SI 26 8.1 26 S.1
2,7 1. 7,3 14 7.3 14 7.3
0.6 26 .17,) 33 37.2 33 37.2
1.9 13 18.3 13 18.3 -13 18.3
I..A -11 15. :3 --1l 1 15.2 -I 1 15,2

- 1.0 --31 -11.2 -37 36.7 --37 36.7
2.3 --28 0.5 -30 1.0 --30 1.0

- 2.5 4 100.2 7 105.0 --22 -24.1
16,4 -13 0.0 -23 -- 7.8 -23 - 7.8
18.0 - 3 48.4 7 67,6 -28 - 7.2
19.6 -31 20.3 -32 18,8 --32 18.8
15.6 -19 - 0.7 -22 - 3.2 -22 - 3.2
17.2 -33 - 1.0 -33 - 1.0 --33 - 1.0
18.9 9 11.9 9 11.8 9 11.8
14.8 -26 13.6 -29 14.1 -29 14.1
16.4 -23 - 14.2 -34 15.2 -34 15.2
18.1 -25 52.3 -17 77.5 -46 -30.8
19.7 - 5 13.3 -13 0.5 -13 0.5
32.8 37 36.5 40 40.4 10 0.7
34.5 -18 - 3.8 -22 - 8.9 -22 - 8.9
36.1 -23 17.0 -26 10.6 -26 10.6
32.0 -25 1.7 -25 1.5 -25 1.5
33.7 -14 3.1 -14 2.9 -14 2.9
33.0 0 19.8 - 9 6.2 - 9 6.2
36.7 -10 7.6 -13 4.0 -13 4.0
34.7 7 4.4 7 4.0 7 4.0
32.6 5 4.6 5 4,5 5 4.5
36.3 8 31.9 15 42.9 -17 -13.4
62.9 -22 - 22.6 -22 - 22.6 - 6 6.1
60.9 -51 6.5 -50 9.5 -50 9.5
64.6 - 6 132.5 - 6 132.4 35 18.1
62.5 -13 - 6.3 -10 - 1.6 -10 - 1.6
60.5 -27 20.6 -26 21.4 -26 21.4
64.2 -50 23.8 -50 23.8 -50 23.8
62.1 -58 - 41.4 -60 - 49.1 -50 16.1
65.8 - 8 2.9 - 8 2.9 - 8 2.9
63.8 - 8 - 21.8 -13 - 29.9 11 9.3
61.7 - 1 - 3.6 3 2.4 3 2.4
92.3 5 1.9 5 1.9 5 1.9
90.3 -50 6.8 -50 6.8 -50 6.8
88.3 -11 - 14.4 -10 - 13.3 -10 -13.3
91.9 -35 - 1.2 "-35 - 1.4 --35 -- 1.4
89.9 -34 174.4 -34 174.3 -34 - 5.7
87.8 - 1 8.0 - 0 7.1 - 0 7.1
91.5 -22 - 4.6 -22 - 4.6 -22 - 4.6
89.5 -25 - 1.3 -23 3.8 -23 3.8
87.5 - 5 5.3 - 2 0.7 - 2 0.7
91.2 -38 - 7.9 -38 - 7.9 -38 - 7.9

Note: Speed errors are the same as those given in Table 3.
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SXumittry of' IE'stimtleiott Errors
hp .... Pr/, [ D.cs o ck'r,.,. MO.(l) A 0,:i,-) u(I.) EI':ll 1"(1l2- l (11) (S) ,(8)

JProbability WeilghtIing 161 24 I 1 .11. } 5 4ir '0,5 7.41T1.
Trawler Maximum Likeliho.od 17 25 lu 10 1.1"" 41.. 7.1 4 ::.JCorrect Estimuate~ 19 J 2U j Is8 1 3.7 I 3.67 .4 1) I

Legend:
E Expected value.
o Standard deviation.
L -- Length error (feet).
II - hteading error (degrees).
S - Speed error (knots).

PROBABILITY

WEIGHTING CORRECT
METHOD ESTIMATE

-400 -200 -100 0 100 200 400 -400 -200 -100 0 100 200 400
LENGTH ERROR (FEET) LENGTH ERROR (FEET)

Fig. 11-Relative frequency of the length error for the destroyer

PROBABILITY
WEIGHTING CORRECT
METHOD ESTIMATE

I t I k I 1 L _ . _ _ __ _ I

-400 -2o0 -100 0 100 200 400 -400 -200 -100 0 100 200 400
LENGTH ERROR (FEET) LENGTH ERROR (FEET)

Fig. 12-Relative frequency of the length error for the trawler

Two variations of this basic method were considered. The variation that uses the ship's
length and width for the projections is better than the variation which uses only the ship's
length. The following conclusions can be made about the variation which uses the ship's
width:
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I. "rI'w shi;, dini.tsigo, iifirniationll is indel.fnlelent of ship size. The iNUailrdt,

deviation of the t-4tin1te' (of the' uNjlp's It iigth is aitnint •10 ft andi over 90) |-;rcent of the *-!ts-

mate's Are within 50 ft o~f the true, Ih-ntth.

"2. I'h' he'adtig accura'y is lnve'.rs.ly ;er, po crt, iiell tio the, •ize ,f the shipl. Ve'r

Ktxxt heading e'stilmate's are' obltai•iel1d lfor the. taiiker, fair *.stiiintte's art- ehtatnet ftr the

destroye'r. and lpor estimate's are- oti•lt'l for tlhe trawle'r. While the. "t',rrtt't e.stilnat." i

fairly good ftor all ships, it ie'temiie'. lpro gr'-,siv'ly harder to 'htwse' the' 4frre'e't spthltion it.,

the ship bec'omen's ,maller. l'he l.is' prthhisn is that ftr the' smaller shils, the radar cr'•,s
se't'tion is lovir, .anld thei signal-to-iinee.' raitio) is too, snalil to make ac'curate es.'stimiates of

)-lSition.

3. Sliced information is pIox)r: no useful spe-ed estinates have been ot"laine"].
That is. the standard deviation of the speed error is greater than the standard deviation of
the distribution which has been assumed for the slp-ed of the ships.

While this two-he'am system has yet to be optimized. the authors believe that very little
improvement other than removing the hias can he made on the numbers oven in Table 8 and
summarized alove. Consequently. to improve the slpeed anti heading estimates, a major
modificatioi of the system must be made. One possible modification could he the addition
of a third beam. With this system, there are only two (instead of four) possible solutions;
hence, it would be easier to select the correct solution. Also. by using the heading, the three
measured ranges, and a method indicated in Ref. 3, it may be possible to obtain useful speed
estimates from this system.
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APPENDIX A

METHOD) OF ESTIMATING PROJECTIONS

The obvious estimate of the projection of the target is

P =NA, (Al) I

where A is the range resolution of the radar and N is the number of range cells in which the
target is detected. However, this is not a good estimate because a point target will pass
through several range cells as the radar sweeps by the target. This is due to the fact that the
range cells are curvilinear. Specifically, the number of range cells that a stationary point
target moves through is

M = R, [1 - cos (0/2)]/A, (A2)

where 0 is the radar beamwidth. Consequently, P could be overestimated by as much as
MA if Eq. (Al) was used to estimate P. To avoid this error, either of two methods can be
used. Since these two estimation methods are rather complicated, the philosophy behind
the estimation methods will be presented initially.

As previously mentioned, the trouble with Eq. (Al) is that a point target passes through
several range cells as the radar sweeps past the target. Consequently, the estimation method
should be based on only a small number of pulses within the beamwidth of the radar so the
target does not pass through range cells. Therefore, as soon as a target is detected, the next
50 returned pulses are summed for each of the 25 range cells immediately preceding and
following the cell in which the target was detected, the sum for the Qth cell being denoted by
Qq. As seen in Fig. Al, the middle N cells contain possible returned signal and other cells
contain noise. These cells are then used to find the average signal level 9, the average noise
level 0, and the standard deviation of the noise aQ. A new threshold T' = Q + 2 oQ is de-
fined and is used to detect the target in the N possible cells that contain the target. Finally,
end corrections are applied to take care of the situation in Fig. A2 where the target lies only
partially within a range cell. The mathematics for the estimation methods is given in the
following paragraphs.

Method I

Before explaining the estimation method, it is necessary to describe briefly the target
detection system. The detection system in the radar is a feedback integrator. That is, the
output for the ith pulse for the jth range cell out of the feedback integrator is
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Zi,j = KZi-1 ,j + Pijj, (A3)

where K is the feedback value and Pj is the ith returned pulse in the jth range cell. In this
system, a target is detected when Zij is greater than a threshold T. Let I be the smallest i
such that Zij > T and let J be the range cell in which the target is detected on the Ith pulse.
Then, the following sums QQ are calculated and saved

IM
QQ • PI+i,J+Q•-26, Q = 1,51, (A4)

where IM is the number of pulses used in the sum.* Now, define J, and J 2 as the smallest
and largest j such that Zjj > T for any i and let.J1 = 26 + J, - J and J2 = 26 + J 2 - J. Obvi-
ously, the target is detected in N = J2 - J1 + 1 range cells. An estimate of the average noise
level in the vicinity of the target is

*The value IM must be a compromise. A large value is needed to obtain good estimates of noise and signal
strengths; however, a small value is needed so that the target does not pass through different range cells.
For all cases investigated in this report, IM = 50. In Ref. 1, IM = 10.
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Q +- ,Q + QI) (A5)

/

ind an estimlate of the noise variance o2 is

UI (QV - Q)' + (QV - Q)2 (M)

A new threshold 7" is given by

T' Q -+ 2 oQ, (A7)

and two integers L 1 and L 2 are defined as the smallest and largest Q such that Qý > T'.

Then, an estimate of the average signal strength is

L2

__ 1S = (L2 - L, + 1) L SQ, (A8)

where S= QQ - Q. Finally, the estimated projection is given by

P= [(L 2 -L, + 1) + (V1 - 1) (S-SL1)IS+ V1SL1_IS

+ (V 2 -1) (S SL 2)IS + V2SL 2+ 1 /S", (A9)

where

and

V 1 ifSL 2  SV2 =2

1.0 else

The final four terms in Eq. (A9) are correction terms which take into account the fact that
the target may only partially be in the initial and final range cells (Fig. A2).
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